Abstract: Feedstock recycling of secondary raw materials is the backbone of the Circular Economy (CE). The efficient recovery of resources, energy, along with achieving minimal environmental impact is mandatory for the successful realization of CE. Chicken manure is an interesting waste stream due to its content of nutrients, in particular of phosphorus, which makes it a suitable feedstock for fertilizer applications. However, the contamination caused by antibiotics, organic pollutants, and sanitary aspects demand the manures treatment before further recycling. Thermochemical treatment based on intermediate pyrolysis targets decentral application to produce carbonized solids for fertilizer application. This work evaluated pyrolysis char from the pyrolysis of chicken manure in comparison to the original feedstock using state-of-the-art thermal treatment, i.e., combustion in grate furnaces. The samples were evaluated in terms of chemical and mineralogical composition by applying several analytical techniques. Bio-availability of the main nutrients (NPK) was assessed by adopting standard methods. Additionally, the effect on toxicity was discussed by means of heavy metals analysis, as well as of pot tests. Results showed, that pyrolysis had a far more positive effect on nutrient availability compared to combustion, and it provided a suitable method for the thermal treatment of contaminated feedstocks.
Introduction
Phosphorus is listed by the European Union (EU) as a critical raw material. It is a non-renewable resource, which is concentrated in a few countries, resulting in an unstable market. Although there is a long-term depletion of phosphorus resources, its scarcity is not an urgent problem. The current reserves are sufficient to cover production at the current rate for the next 200 years [1, 2] . Besides the political uncertainty, the main issues with respect to phosphorus are related to the depletion of the resource to the environment, and the effects on water bodies and soil pollution. The excessive production of sewage sludge and animal manure causes the accumulation of phosphorus in the soils of some EU countries. One of the main problems relates to the presence of organic pathogens, which may be a cause of soil contamination. The aforementioned issues and the need for feedstock recycling from secondary raw materials are the backbone of EU policy related to the Circular Economy, which seeks out technological solutions aimed at the sustainable recovery of secondary raw materials whilst addressing environmental and contamination issues. 
Chemical Composition
Bulk concentrations of carbon, hydrogen, nitrogen, and sulphur were determined after combustion in oxygen using infrared spectroscopy (C, H, S) and thermal conductivity (N) (DIN EN 15104). The apparatus (Leco Truspec Micro) was calibrated in the concentration range of the samples. After combustion in oxygen in a closed vessel, total chlorine was analyzed via Ion chromatography (IC) according to DIN EN 16994.
The main elements Na, Mg, Al, P, K, and Ca in the chicken manure, pyrolysis chars, and the ash (815 • C) were determined via ICP-OES (iCAP 7600, from Thermo Fisher Scientific). Then, 50 mg of the samples (accuracy ± 0.01 mg) were dissolved in 9 mL nitric acid and 1 mL hydrofluoric acid at 250 • C for 12 h in a pressure digestion vessel DAB-2 (Berghof). After complexation with boric acid, the analysis of the elements was accomplished using four different calibration solutions and an internal standard (scandium Sc).
Trace elements (V, Cr, Mn, Co, Ni, Cu, As, Cd, Sn, Sb, Tl, Pb) in the chicken manure and pyrolysis chars were analyzed using ICP-MS according to DIN EN 17294-2 after digestion of the original samples in a microwave according to DIN EN 15290. Hg was analyzed separately in a Fluid injection AAS according to DIN EN 1483.
Mineralogical Phase Analysis
The mineralogical phase composition, which is an important factor for determining the availability of nutrients, was analyzed via X-Ray powder diffraction (XRD). The analysis was performed in the range of 2θ from 3 • to 63 • with Cu Kα-radiation on a Bruker D8. To obtain comparable results, all analyses were carried out following the same procedure (i.e., sample preparation, analysis, and evaluation procedure). Typically, the absolute content of the mineralogical phase was adopted for comparison. However, this study adopted the intensity of the mineralogical phases for comparison of the different samples. Chicken manure feedstock and the respective pyrolysis chars were characterized by a main carbon amorphous phase, which could not be distinguished in the XRD analysis, in variable concentration depending on the pyrolysis temperature.
Solubility of Nutrients
The availability of major plant nutrients (NPK) was investigated using three European standard tests. Each test was developed for different purposes. A reasonably high portion of phosphate soluble in water (EN 15958) and/or neutral NH4-citrate (EN15957) provided the short-and medium-term plant availability of the fertilizers' phosphorous. EN 15920 uses citric acid (2%). It was developed for Thomas-phosphate only. It was used in this study to investigate the influence of an organic acid on the highly calcareous samples. P and K in eluates were measured using ICP-OES. N was determined as TNb (Total Nitrogen bound) in EN 15958 eluate using the EN 12260 procedure.
Qualitative Pot Tests
Pot experiments were carried out to qualitatively evaluate the real effect of a selected pyrolysis char from chicken manure on the growth of a plant on a standard soil material. Maize was selected as the reference plant for these qualitative tests. Maize was grown under greenhouse conditions for 3 weeks. Pyrolysis char from the chicken manure obtained at a pyrolysis temperature of 450 • C was used. Potting soil was adopted as the control substrate. Sand was used as the standard inert substrate for the experiments mixed with chicken manure char or potting soil in three different mass concentrations, i.e., 33%, 20%, and 10%.
Results and Discussion

Chemical Bulk Composition
The yields of the pyrolysis chars obtained at different temperatures are reported in Table 1 . As expected, the yield decreased with the increasing pyrolysis temperature because more organics present in the original material were released from the solid as organic vapors. The vapors should be thermally destroyed in a post-combustion process for heat recovery or condensed in liquid form and further upgraded for downstream processing [8, 12, 13] . The ash content of the chicken manure at 815 • C was 19.2 wt.% of the original dry feed. Concentrations of the main and trace elements in the samples are shown in Table 2 . The elements could be distinguished into three groups depending on the enriched, stable, and reduced concentrations in comparison to the original feedstock. Although carbon was one of the elements which was volatilized during pyrolysis, the concentration had remained more or less constant in a range between 35.4 wt.% and 42.1 wt.%, at all the pyrolysis temperatures. The content of carbon was considerably below the typical values reported for biochar from wood for soil applications [14, 15] . Owing to the complete oxidation of the carbon, its concentration in the ash was below 0.2 wt.%. Hydrogen and nitrogen were mainly volatilized during pyrolysis and combustion. Only in the 350 • C char, was the nitrogen concentration higher than in the chicken manure. Sulphur seemed to be more volatile at the low pyrolysis temperatures of 350 • C and 400 • C. At higher temperatures, it was enriched in the chars and the ash compared to sulphur in the chicken manure. Na, Mg, Al, P, K, Ca, Fe, and Cl concentrations increased with the temperatures of pyrolysis and combustion. The results from the analysis of some of the selected heavy metals are reported in Table 3 . Heavy metals were found in very low concentrations in the chicken manure and the related pyrolysis chars. Co, As (all < 0.8 mg/kg), Cd (all < 0.2 mg/kg), Sn (all < 3 mg/kg), Sb (all < 1 mg/kg), Hg (all < 0.07 mg/kg), and Pb were near or below the detection limit. V, Cr, and Ni were below 20 mg/kg without a significant variation with respect to the pyrolysis temperature. Only the pyrolysis char at 450 • C was slightly enriched in V, Ni, and Cu.
Mineralogical Analysis
Solubility and consequently the availability to plants of nutrients and other elements depend on several aspects. One important factor is the mineralogical phase binding the nutrient. Chicken manure consists mainly of organic compounds, which are more easily disintegrated into soils than most of the inorganic phases. With increasing temperatures during pyrolysis, the organic phases decomposed to coke and inorganic phases with different solubility. The high content of organic compounds in chicken manure, which is mineralized with increasing temperatures, could not be distinguished in the XRD analysis because it was amorphous. Therefore, only the intensities normalized to 100 are shown % in Figure 1 . Phosphorus, as well as nitrogen compounds, could not be identified in the chicken manure, which indicated that both elements were mainly bound in organic phases or in crystallites in the nanometer range. normalized to 100 are shown % in Figure 1 . Phosphorus, as well as nitrogen compounds, could not be identified in the chicken manure, which indicated that both elements were mainly bound in 172 organic phases or in crystallites in the nanometer range. 
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Most of them are found in all samples, since they do not react during pyrolysis and combustion. Various P-phases, mainly hydrophosphate (apatite) and diphosphates, could be distinguished in the char. K-feldspar could be found in the chicken manure and pyrolysis char. Moreover, other K phases like diphosphates and sylvine were identified in the char. The main phase, calcite, in chicken manure and pyrochars derives from the substrate used in gathering the chicken manure. Mineral compounds like quartz, feldspars, clay minerals, and hematite can be part of the chicken nutrition. Most of them are found in all samples, since they do not react during pyrolysis and combustion.
Solubility of the Nutrients
Results of the solubility tests are depicted graphically in Figure 2 . Solubility of P in water was below 4% of the total P in all the pyrolysis chars. The highest solubility of P in neutral ammonium citrate (84.1%) could be found in the pyrolysis char obtained at 450 • C, whereas in citric acid (90.7%) it could be found in the pyrolysis char obtained at 500 • C. Phosphorus was partially soluble in the neutral ammonium citrate and in the citric acid, as well as in the combustion ash at 815 • C. However, a systematic trend could not be observed. K solubility in water was highest in the chicken manure with 87.1%. After the pyrolysis treatment, it decreased initially but an increase in the pyrolysis temperature led to an increase of the K solubility in water up to 450 • C (54.7%). In neutral ammonium citrate, only 35.1% of P was soluble in chicken manure, but up to 96.5% was soluble from the pyrolysis coke at 450 • C. Citric acid was most efficient for K in chicken manure (94.2%) and in combustion ash (96.9%). However, K solubility was above 77% in all the char samples with citric acid as well.
Nitrogen solubility could only be analyzed in water. The highest nitrogen solubility was found in the chicken manure. With increasing temperatures nitrogen solubility decreases steadily, due to the mineralization of nitrogen containing compounds.
Mg and Ca, which are also important elements for plant growth, showed poor solubility in water from the pyrolysis chars and the combustion ash. Only Mg in the chicken manure was partially soluble in water. Neutral ammonium citrate was a very good solvent for Mg and Ca from the chicken manure with 90.9% and 100%, respectively.
The solubility of Mg and Ca in neutral ammonium citrate was significantly lower in the pyrolysis chars compared to that of the original feedstock, but it increased with the increasing pyrolysis temperature (Mg: 80.1% at 450 • C and Ca: 88.0% at 500 • C). Mg and Ca solubility in citric acid slightly increased with the increasing pyrolysis temperature. Mg present in the combustion ash was almost fully soluble in citric acid. On the other hand, the solubility of Ca in citric acid was at its lowest in the combustion ash.
Relation between Mineral Composition and Solubility of Nutrients
In Chicken manure, P and N are mainly bound in organic substances. Some of them are easily soluble with water. Therefore, the highest solubility with water at about 40% for P and 60% for N was found in the chicken manure. With increasing mineralization due to increasing temperatures, water solubility of P and N decreases. The pyrolysis chars contained hydroxyl apatite, which was rather insoluble with water but soluble in acids, as well as alkali-pyrophosphates and earth alkali pyrophosphates, including their mixed crystals. Alkali pyrophosphates were more soluble than the earth alkali pyrophosphates. Only small portions of P were bound in the alkali pyrophosphates in coke; therefore, the solubility with water is reduced. However, even the earth alkali pyrophosphates could be solved by neutral ammonium citrate and citric acid solution. On the contrary, most of the pyrophosphates were transformed to KCaPO 4 and mainly to hydroxyl apatite in the combustion ash, which explained the reduced solubility of P from ash even with neutral ammonium citrate and citric acid. K could be found in different minerals in the chicken manure, as well as in the pyrolysis chars and combustion ash. K-Feldspar and clay minerals were components of the chicken manure and pyrolysis chars, and clay was decomposed during combustion. Sylvine (KCl) was found in the pyrolysis chars and combustion ash. It is an easily soluble mineral. As mentioned above, alkali pyrophosphates are also easily soluble in water and in other solvents as well. Therefore, K was soluble in water (up to 60%), and it was very soluble in citric acid and neutral ammonium citrate from the pyrolysis chars and combustion ash. Increasing the pyrolysis temperature also led to increased solubility due to the decomposition of K feldspar and clay minerals. Dolomite (CaMg(CO 3 ) 2 ), present as impurity in calcite, was identified as the source for Mg in the chicken manure. It was also found in all the other samples. During combustion, dolomite was decomposed to magnesium oxide and calcium oxide. The high Mg solubility from chicken manure in all the tested solvents could be explained by the soluble organic compounds containing Mg, which could not be identified by the XRD. With increasing temperatures, Mg solubility decreased in water. Dolomite was rather insoluble in water and it was generally less soluble in acid than in calcite due to the smaller ion radius of Mg. The high solubility in neutral ammonium citrate was also due to the temperature of this leaching procedure at 65 • C, which increased the reaction kinetic of the small Mg ion. Magnesium oxide forms Mg(OH) 2 in water which is insoluble in water and soluble in acids.
Ca was found in various minerals in all samples. The main mineral compound in chicken manure and the pyrolysis chars was calcite (CaCO 3 ), which was used as a substrate during the chicken manure gathering. During combustion, CaCO 3 was decomposed to calcium oxide (CaO). Besides calcite and dolomite, smaller amounts of anhydrite (CaSO 4 ), hydroxyl apatite (Ca 5 [OH|(PO 4 ) 3 ]), Ca pyrophosphates (Ca 2 P 2 O 7 ), and mixed pyrophosphates (K 2 CaP 2 O 7 ) were identified especially in the pyrolysis chars. KCaPO 4 was only found in the combustion ash. All these minerals were at best slightly soluble in water since CaO in water is hydrolyzed to Ca(OH) 2 , which is only slightly soluble (1.7 g/L). It is worth noting that CaCO 3 is less soluble with 0.014 g/L. Calcite is very good soluble in acids. This fact explains the nearly 100% Ca solubility from the pyrolysis chars in citric acid. The solubility with neutral ammonium citrate could be explained with the increased temperature in the test and the formation of easily soluble calcium bicarbonate (Ca (HCO 3 ) 2 ) .
The equilibrium reaction Ca(HCO 3 ) 2 (aq) → CO 2 (g) + H 2 O(l) + CaCO 3 (s) took place at increased temperatures during this test explaining the improved solubility with neutral ammonium citrate in comparison to water elution, although the elution in citric acid remained the most effective.
Qualitative Pot Tests
The results of the pot tests are qualitatively reported in Figure 3 for three different concentrations of active material, i.e. chicken manure char (CMC) and potting soils (PS). Looking first at the control experiments with potting soils in sand (S); it showed a slight increase of the biomass produced with the increasing concentration of soil. On the other hand, an increase of the concentration of the pyrolysis char led to a massive decrease of the biomass produced, highlighting some sort of toxicity at high concentrations. It is worth noting that the biomass produced at 10% pyrochar was more than the biomass produced with potting soil at its best condition of 33%. Chicken manure pyrolysis chars (CMC) with their high content of calcite were proposed by Hass et al. [16] for acid soils. However, the authors also found that the risks of elevated levels of dissolved P may limit the chicken manure pyrolysis char application rate. This effect of high portions of pyrolysis char on the growth of maize could be shown in this study as well.
Although Figure 3 reports promising results, the results are to be considered carefully since no systematic analysis has been carried out yet. 262 pyrochar was more than the biomass produced with potting soil at its best condition of 33%.
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Can Pyrolysis Chars be Used as Fertilizers?
This question must be approached from different angles. The view that most of the investigated nutrients are plant available as far as the performed elution test can reveal has already been discussed. Another aspect is that fertilizer must not have toxic elements. The German Fertilizer Regulation (Düngemittelverordnung DüMV) gives limits for harmful substances, which require labelling. According to the regulation, all heavy metals are below the limits given.
Unfortunately, the German Fertilizer Regulation does not approve pyrolysis chars as fertilizers or culture media. Only some types of ashes, coals, and wood chars with at least 80% carbon on dry basis are accepted as culture media. In fact, typical biochar is used as a soil enhancer due to it carbon content. However, the contents of nutrients are limited to values greatly below the ones demanded by the German Fertilizer Regulation. As it is for NPK fertilizer obtained from ashes, the minimum concentrations for P 2 O 5 and K 2 O are 5% and for N 3%, respectively. P 2 O 5 was higher than 6% in all the treated samples, K 2 O was higher than 5% in the pyrolysis char from temperatures above 400 • C and in the ash. N concentration was sufficient in all the analyzed samples. Therefore, the stipulation given in the German Fertilizer Regulation was met, but the pyrolysis chars still have to be approved officially as a fertilizer or culture media. This study showed that the utilization of pyrolysis char as a fertilizer had positive effects on the growth of maize under specific conditions. Therefore, an authorization procedure should be carried out. The execution of a multi seasonal large-scale field test is part of this procedure and will be fundamental to systematically assess the effectiveness of the pyrolysis char as a fertilizer.
Conclusions
The aim of this work was to systematically evaluate the potential of pyrolysis chars from chicken manure feedstock as fertilizer. Therefore, the relationships between the mineralogy of the main nutrients, in particular of phosphorus, and the nutrient bioavailability to plants were investigated, discussed, and compared with investigations of combustion ash from chicken manure. It could be shown that pyrolysis chars contained alkali-pyrophosphates and sylvine, which were soluble to a sufficient proportion in water and/or in neutral ammonium citrate. The solubility of the investigated nutrients in combustion ash was considerably lower due to the different mineral content, with more earth alkali phosphates and hydroxyl apatite. Moreover, the first pot test proved that under well-defined conditions, pyrolysis chars improved the growth of maize. Heavy metals concentrations were well below the limits of the German Fertilizer Regulation. In addition, the utilization of the pyrolysis char in soil was beneficial in terms of overall carbon balance. The results of this study encourage further steps in the direction towards approving pyrolysis chars as fertilizers. 
